Abstract
Introduction

31
The high energy consumption rate that belongs to the building sector (40% of global 32 48 photovoltaic, solar thermal) or HVAC systems coupled to renewable energies are still 49 difficult to be included by architects and engineers in the buildings designs [6] . One of 50 the main reasons of this barrier is the difficulties that present these new technologies for 51 their integration in the building design [7] , which limits strongly their promotion as an 52 alternative to conventional systems.
54
Moreover, most renewable energies require of a storage system in order to overcome the 55 mismatch between the production and the supply and hence, to increase their energy 56 efficiency [8] . Many research has been done in this field, usually implying an additional 57 storage volume that makes the integration of the system in the building even more 58 difficult [7, 9] . To overcome such problem, phase change materials (PCM) can play an 59 important role, especially in some applications such as domestic hot water tanks or the 60 increase of thermal inertia in building envelopes [10, 11] , by means of enhancing the 61 heat storage capacity with a limited increase of the volume.
63
Heretofore, this issue has not been widely considered although some studies applied the 64 constructive incorporation of their thermal storage systems. The TermoDeck system 65 [12] and the thermally activated building systems [13] are some examples of these 66 alternative systems. The common property of these systems is the active charge of a 67 building component (wall, floor, and ceiling) for a later passive discharge which gives 68 stable comfort conditions to the building.
70
The novelty of the system presented in this paper is the inclusion of phase change 71 materials (PCM) inside a building component, which is used as a storage unit and a 72 cooling supply. Thereby, thermal energy is stored and released inside the building 73 comfort temperature range [14] . The new technology presented is designed to cover, 74 completely or partially, the cooling demand through an active charge and discharge of 75 the storage unit. With this system, the thermal storage is fully integrated in the building, 76 making use of a dead volume.
78
The design parameters and required conditions were studied in a previous study [15] , in 79 order to determine if the proposed system would be able to operate under both summer 80 and winter conditions. Since then potential of the active slab to store and provide 81 heating and cooling was demonstrated a complete experimental summer season 82 campaign is presented in this paper.
84
The aim of this paper is to evaluate the real behaviour of the prototype for cooling 85 purposes by testing different control strategies to maximize the benefits of using the The prototype consisted of a prefabricated concrete slab which is widely used as in the south facade as a heat supply for the winter mode, and it is coupled to the rest of 127 the active system. Thus, the air can be taken and blown from indoors, outdoors or from 128 the solar air collector, depending on the used operational mode. In this paper authors 129 presented experiments under summer conditions.
131
The whole system is instrumented by 20 sensors measuring at different strategic points 132 of the slab with the purpose of analysing and characterizing the technology: 
136
-Air temperature and velocity at the inlet and outlet of the slab (KIMO CTV210 with 137 an accuracy of ± 0.03 m/s and ± 0.25 ºC).
139
This technology is equipped with a control system that allows the active slab to operate 
148
Moreover, both cubicles are equipped with two heat pumps (Fujitsu inverter 149 ASHA07LCC), one for each floor, in order to maintain a certain set point temperature.
150
In the active slab cubicle if the system is not able to cool down the internal ambient the 151 heat pump is used as a support cooling supply, in order to provide temperature comfort 152 levels. Therefore, the energy consumption of the heat pumps of both cubicles can be 153 compared.
155
As it has been previously stated, the system has been designed both for heating and 156 cooling. In order to ensure its suitability for both periods the selected PCM was RT-21 157 with a phase change temperature around 21 ºC. The phase change temperature of the 158 PCM selected was studied in a previous article [15] , concluding that it is an appropriate 159 temperature for heating and cooling purposes in this application and under the weather The active slab is used as a storage component and cooling supply for covering partially 177 or totally the demand (depending on the weather and the energetic requirements). The So, the outside air passes through the slab, keeping the solidification process on-going, 184 and then it is pumped inside the cubicle to cool down the internal ambient. Once the 185 PCM is completely solidified and there is no cooling demand, the system moves to the 186 storage mode (Figure 3c ). Finally, during the day, when there is a cooling demand, 187 internal ambient air is pumped through the hollows of the slab, cooled down as a result 188 of the heat exchange with the PCM, and pumped back into the cubicle (Figure 3d ). 
Methodology
195
In this study a complete experimental campaign during summer season is presented. schedule of the slab system was selected based on previous studies [15] and it is 212 set as follows, while the rest of the day the system remains in storage mode:
213 o 00 h -07 h charge period.
214
o 11 h -18 h cold discharge period.
216
Next step was to test the temperature control system implemented in the active slab in 
249
The energy consumption of the heat pumps installed in the active slab and the reference 250 cubicle is registered by an electrical network analyser (Circutor MK-30-LCD).
251
Therefore, the energy consumption of the heat pumps of both cubicles could be 252 analysed and compared.
254
In order to quantify the amount of energy stored and released from the system, an 255 energy balance is done with the experimental data. In Eq. (1) energy charged (Q charge ) is 256 defined by the energy injected in the slab during night-time. 
On the other hand, the discharged energy is the amount of energy used to cover the As it is previously explained, the charging process of the active slab system during 275 summer period consists of solidifying the PCM through the cold outside air during the 276 night time. Hence, the system is dependent on the night temperatures which should be 277 below the phase change (21 ºC). However, in order to solidify the PCM the system 278 needs high power rate which could be defined by a high temperature difference 279 (Toutside -Tpcm).
281
In a previous paper, the authors presented a study of two parameters, the daily available 282 power (P available ) and the daily required power (P required ), as a design tool for the active 283 slab suitability [15] . It was demonstrated that climatic conditions in the experimental 284 facility where the system is tested (Puigverd de Lleida, Spain) were suitable to solidify 285 the PCM at least under mild summer conditions.
287
After the complete summer experimental campaign, the authors analysed the same 288 parameters for the tests presented in this paper. Figure 4 shows the power available and As it was previously explained this program does not take into account any temperature there is a cooling demand in the cubicle.
331
Moreover, at the end of the cold discharge process air outlet temperature surpassed 25 332 ºC, hence the system is not providing cooling anymore and the heat pump is switched 333 on. In this situation the active slab is increasing the heat loads of the internal ambient. In 334 addition, the heat pump is consuming more energy not just to maintain the comfort 335 conditions but also to cool down the PCM with no purpose. Temperatures profiles of the experiment are presented in Figure 7 , and the charge, 
372
In addition, notice that for this experiment, the system was operating most of the day
373
(either for charge or discharge) which means the fan worked during almost 24 h a day
374
and this contributed to a high electrical energy consumption of 2.8 kWh/day. were lower during the mild days, the energy charged was around 1900 Wh/day and 391 over, which was significantly higher than in the severe ones (1200 -1900 Wh/day).
392
Consequently, the cold discharged by the active slab is above 400 Wh/day in mild
393
summer experiments and between 150 Wh/day and 300 Wh/day in severe summer days.
In both severe and mild cases, the free cooling period provides higher energy supply Some restrictions in the use of the fan, explained in section 3, were added to these Wh/day. However, the cold discharged was around 500 Wh/day in the four experiments,
418
similarly to the results of the previous program tests (CS+FC) under mild conditions.
419
On the other hand, the energy obtained from the free cooling was between 400 Wh/day 420 and 900 Wh/day, being quite low compared with the previous experiments (CS+FC).
421
This difference is due to the restrictions added to the use of the fan, which limit the free 422 cooling mode to operate only when there is a cooling demand inside the cubicle, driven 423 by the desired set point. In contrast, in the previous program (CS+FC), the free cooling 424 mode is used when the outside temperature is lower than the internal ambient 425 temperature, not considering the internal set point.
427
The experiments performed under severe conditions had maximum and minimum The energy charged and discharged for all the experiments presented in this paper is 457 summarized in Although the active slab provides some cooling, the cubicle still needs the heat pump 466 support to maintain the set point temperature (25 ºC). Figure 11 shows the energy 467 consumption of the heat pumps installed in the active slab and reference cubicles during 468 the CS+FC, CS+FC+FS, and PD experiments.
470
The energy consumption used for cooling both cubicles is lower under mild weather A trend could be observed in Figure 11 Finally, in the passive discharge (PD) experiments the energy consumed by the fan was 509 significantly reduced to less than 1 kWh/day since the discharging period was done 510 passively, but still the energy savings achieved in the active slab cubicle were not 511 enough to balance the fan consumption.
513
The performance of the active slab as a cooling system is demonstrated in the 514 experimental summer campaign presented in this paper. Nevertheless, the system 515 should be equipped with a more efficient fan in order to be energetically efficient.
516 517 518
Conclusions 519 520
An innovative active slab system consisting of a prefabricated concrete slab with phase 521 change material inside its hollows is presented in this paper as a thermal energy storage 522 component and cooling supply system.
524
The implementation of the prototype in a house- for driving these systems.
544
In the control temperature experiments, the cold discharged was not enough to cover the 545 whole cooling demand of the cubicle. However, significant energy savings in the 546 HVAC system were registered, between 30% and 55% under mild conditions, and 547 between 15% and 20% under severe conditions, compared to the reference cubicle.
549
Moreover, the potential of the free cooling mode during night time was demonstrated in 550 order to cool down the internal ambient and keep it cooler at the beginning of the next 551 day. This mode could be really useful for constructive systems with high thermal inertia 552 which delays the peak temperature and resulting in high cooling demand during the 553 evening.
555
In addition, the passive discharge mode should be also taken into account in this system 556 since it could be an interesting alternative when outside temperatures at night do not 557 drop below 21 ºC.
559
However, the weak point of the system is the energy consumption of the fan which is 560 critical to balance the energy savings achieved in the heat pump energy consumption.
561
This issue could be addressed by replacing the fan with a more efficient one.
562
Furthermore, improvements could be done in the control system programs in order to be 563 more accurate and optimize the fan operation. 
